Abstract: 'Laser damage mitigation' is a process developed to prevent the growth of nanosecond laser-initiated damage sites under successive irradiation. It consists of re-fusing the damage area with a CO 2 laser. In this paper we investigate the stress field created around mitigated sites which could have an influence on the efficiency of the process. A numerical model of CO 2 laser interaction with fused silica is developed. It takes into account laser energy absorption, heat transfer, thermally induced stress and birefringence. Residual stress near mitigated sites in fused silica samples is characterized with specific photoelastic methods and theoretical data are compared to experiments. The stress distribution and quantitative values of stress levels are obtained for sites treated with the CO 2 laser in various conditions of energy deposition (beam size, pulse duration, incident power). The results provided evidence that the presence of birefringence/residual stress around the mitigated sites has an effect on their laser damage resistance. 
Introduction
Laser damage of optical components is a main issue for high power laser systems. Particularly for ICF class lasers, the laser damage resistance of fused silica surfaces at 351 nm in the nanosecond regime is a major concern. Indeed such facilities involve many large and highcost elements, such as windows, lenses, crystals, diffractive optical elements...etc. Although the polishing techniques of silica have been considerably improved, defects that can initiate damage are still present in the material [1] . Laser irradiations of these weak points lead to stress, cracks and absorption. The created damage grows under subsequent irradiations and makes the component unsuitable [2] . To avoid damage site growth, one of the most promising methods uses a CO 2 laser operating at a 10.6 µm wavelength to locally melt and evaporate the silica surface by producing typically smooth, Gaussian shaped pits [3] . The successful demonstration of this method [4] motivates theoretical and experimental work to improve the process. For instance, the influence of irradiation parameters with models taking into account heating, evaporation and stress generation has been studied [5, 6] . Some parametric studies have been conducted in order to determine optimum irradiation conditions [7] [8] [9] and different protocols have been developed to increase the efficiency of the technique [10, 11] . Dedicated tools have also been developed to characterize the damages sites and the mitigated area [12] [13] [14] . The material structural changes induced by CO 2 laser processing of damage have also been investigated [15] . Other studies on the downstream intensification effects associated with the perturbation to the optical surface profile following the mitigation process were also conducted [16, 17] .
In this context, it has been observed that after 355 nm irradiation, of a zone that has received CO 2 laser treatment, new damages always occur in the surrounding area of the crater, even when the surface is free from any visible defects or silica re-deposition. The understanding of the silica weakening and the apparition of damage around the mitigated site is then of major interest for the optimization of the mitigation process. This motivation was completed by the observation that the same effect is obtained when a crater is created on a blank sample with no initial damage. The objective of our work is then, to investigate the stress generated around the mitigated sites, of an un-damaged silica sample, by the heating and cooling process, and study its influence on the laser damage resistance of the treated sites. Another motivation of this work is that the link between laser damage and local stress is still unclear.
To address this issue, first the experimental details of stress measurements and laser damage testing are given, with a focus on the different photoelastic tools that have been implemented for this study. Secondly, we describe a simple model to obtain the stress distribution in the CO 2 heated material that we have developed for the interpretation of photoelastic measurements. Finally, calculated values of stresses and strains around the mitigated sites are compared with experiments, and the stress influence on the laser damage resistance is discussed.
Experiments
The samples under investigation in this study are specimen of UV fused silica (Corning 7980), polished by SESO, 50 mm in diameter, and 5 mm thick. On these blank samples, craters were created by CO 2 laser irradiation with various parameters (power, irradiation time, beam diameter). Laser damage tests were performed to analyze the damage initiation process on these sites and the residual stress field around the craters was characterized with photoelastic tools. For each set of parameters, 30 craters were created and analyzed. The results given in this paper are then based on a statistical analysis on these samples.
CO 2 Laser mitigation procedure
The CO 2 laser used for silica irradiation is a Synrad Firestar V20, operating at 10.6 µm wavelength with a 20 W maximum power. The beam is focused with a ZnSe lens with a 10 in. focal length. The latter is mounted on a z translation stage to adjust the beam diameter on the sample from 200 µm to 800 µm measured at 1/e 2 . More details about the experimental arrangement can be found in reference [9] . The irradiation conditions were adjusted to create 20 µm to 50 µm deep craters, which corresponds to the depth of typical damages that we need to treat for the laser mitigation process of LMJ optics [14] . The different set of parameters that were used in this study, with the corresponding crater dimensions are listed in table 1. On the different craters that were created with the parameters given above, damages were systematically initiated in an area surrounding the crater. An illustration of this behavior is given in Fig. 1a , and the part b of the figure shows that even after damage growth the localization follows a circle. Fig. 1 . Observation by Nomarski microscopy of mitigated sites after the laser damage test procedure. a-after one shot at 11J/cm², b-after 10 shots at 11J/cm². The red circle is plotted to evidence the circular symmetry of the damage appearance.
As indicated by the red circle, the location of the 'weak' area regarding the laser damage resistance is circular and centered on the crater. For the different cases that we have tested, similar behavior has been obtained. Moreover, we have observed that this "damage initiation diameter" depends on the parameters used to create the crater. The relationship between this diameter (φ damage ) and the crater diameter (φ crater ) is given in Fig. 2 . These measurements reveal for each pulse length a clear proportionality between the "damage initiation diameter" and the crater dimension. A factor 3 and 1.8 are respectively found for 0.25s and 1s length of irradiation. If the laser damage tests permit us to delineate this 'weak' area, no indication on the origin of the weakness can be obtained with this test. Different investigations conducted by Nomarski and dark field microscopy have not shown any correlation between visible defects or contaminants due to silica evaporation and location of the damages. Indeed, whereas the surrounding area of the crater is uniformly polluted on an area extending far away form the crater, damage occurs at a precise location.
Photoelastic measurement setup and results
The laser processing of silica involves heating at high temperature and rapid cooling which can produce some stress in the material. We have therefore implemented some tools to evaluate the stress and study its potential correlations with laser damage. Since we are investigating a transparent material, a photoelastic method was chosen for evaluating and measuring the stresses around the mitigated sites. The method is based on the property of birefringence which is exhibited by certain transparent materials under stress. It consists in measuring the phase retardation, and hence the refractive indices, between two waves polarized along two directions of stress. The advantages of such methods is that they are noninvasive and do not necessitate any preparation of the samples.
Two complementary experimental set-ups were developed to localize the stress area and to measure quantitatively the birefringence. The first one is a polariscope, described in Fig. 3 . The silica sample, illuminated with a collimated white light source, is placed between two cross polarizers and observed with a long working distance microscope associated to a cooled camera. The microscope is a BXFM from Olympus. In this configuration, the stress-induced anisotropy in the sample will result in a light pattern associated to the stress distribution. An example of the pattern observed when looking at mitigated sites with this setup is given in Fig. 4 . A maximum of retardance is evidenced around the crater, and from this position the retardance decreases rapidly in the inner part, and decreases slowly on the outer part. The measured retardance in the different cases under study is less than one wavelength.
Because of the structure of the crater the stress distribution has an azimuthal symmetry. The directions of principal stresses are parallel or orthogonal to the radius as represented in Fig. 5a . The local birefringence depends on the difference between these two principal stresses. When the light is polarized along a stress direction it remains linearly polarized and no light can pass through the cross polarizer, which happens for four different directions as shown in Fig. 5b . On the contrary a maximum retardance occurs when the light is polarized at 45° with respect to the two principal stress directions, which describes the pattern observed in Fig. 4b . The measurements made on the cases under study reveal that the craters have comparable stress pattern characteristics but the maximum retardance have location and magnitude depends on the irradiation parameters. The location of the "maximum retardance diameter" (φ max ret ) has been evaluated by analyzing microscope images and related to the crater diameter (φ crater ) in Fig. 6 . As previously observed for the damage position, for each pulse length a linear relationship links the "maximum retardance diameter" and the crater diameter. By comparing these results with those of the Fig. 2 , it appears clearly that damage is initiated close to the location where the retardance is maximum. This relation is obvious when one looks at the damaged craters under the polariscope. In Fig. 7 , two extreme parameter conditions, more representative than the 6 cases under study, are shown. They indicate unequivocally that the damage occurs at a radius where the retardance is maximum. This happens regardless of whether the radius is large or small as shown in the Fig. 7 . Since polariscope is not suitable for obtaining a calibrated measure of retardance, a second setup, described in Fig. 8 , has been implemented. A polarized He-Ne laser beam is focused on the sample surface with approximately 5 µm diameter. A second lens is used to collimate the beam before passing through a Soleil-Babinet compensator. The retardation of the compensator is adjusted to reduce to zero the amount of light passing through the analyzer oriented perpendicular to the input polarization. In this configuration the retardation induced by the sample can be obtained. The sample being mounted on a XY translation stage, the birefringence can be measured at different locations. The maximum retardance has been measured with the compensator setup, for the 6 cases studied. The results are given in Fig. 9 as a function of the crater depth. Fig. 9 . Relation between the maximum retardance measured and the crater depth for the 6 cases under study.
These measurements show that the maximum retardance measured depends strongly on the irradiation parameters. As for the location of the maximum retardance, for each pulse length a quasi-linear relation links the quantitative value of the maximum retardance with the crater depth. The retardance value is associated to the stress level that we want to evaluate. However, there is no direct proportionality between the retardance and the stress level since the retardance is integrated over the thickness of the sample. Hence a low level of stress extending far from the surface and a high level of stress near the surface can lead to the same results. Thus a model is needed to obtain an interpretation of the measurements.
Theoretical analysis
In order to evaluate the temperature reached and the stresses generated during CO2 laser irradiation of fused silica, a numerical model has been developed. The objective of our approach is to be able to quantify the stresses, strains and induced birefringence generated around the crater by the mitigation process. Given the symmetry of the study, the geometry used to solve the heat equation is 2D axi-symmetric, as shown in Fig. 10 . 
Temperature distribution
The energy of the CO 2 laser beam is absorbed by the silica. It generates a heat source Q during the irradiation time in the material. In our case of a Gaussian laser beam, the heat source can be expressed as [19] : (1) with a the radius waist at 1/e, P the incident laser power (considering a constant laser power during the irradiation time), R the Fresnel reflection coefficient and α the absorption coefficient. The absorption coefficient of silica at 10,6 µm is temperature dependent. To take into account this variation, we have used the experimental data reported by McLachlan and Meyer [20] . As concerns the Fresnel coefficient (which depends of the refractive index) we have not found any significant variation with the temperature in the literature. To calculate the temperature distribution around a mitigated site, we have only considered heat transfer by conduction: radiation losses which occur at high temperature are taken into account with the non-linearity of the thermal conductivity with temperature. We do not consider in our calculation the evaporation of material during the irradiation, indeed this case is much more complex to model and we are only interested in the thermal gradient far from the center. Therefore the results obtained at the position where experimentally a crater is observed are not valid.
In the silica, the heat equation for conductive heat transfer is:
where T is the temperature, ρ the density, C the heat capacity, and k the thermal conductivity. The thermal parameters of silica are temperature dependent. Particularly the thermal conductivity, which is the key parameter governing the temperature rise, increases with temperature. We have used in our simulations the data on fused silica given by glass manufacturers [21] . Finally, the equation is numerically solved using the commercial software COMSOL Multiphysics , version 3.2 [22] . The mesh element is triangular. Its surface is around 50µm² in the strongly heated area. This surface is increased when moving from this position up to 10 4 µm² on the sample edges. Boundary condition is an inward heat flux on the surface exposed to laser, and thermal insulation on the other surfaces of the sample. A solution calculated for the case 3 of our study is given in Fig. 11 . From this calculation, it can be seen that the heated area extends far beyond from the crater dimensions delimited by the white line. The spatial distribution of temperature follows the crater shape, and decreases slowly with distance. It is important to notice that in the crater vicinity, the calculated temperature is not valid because the material removed as the crater is shaped is not included in our simple model.
Stress and strains
After laser heating, when the material cools down, the viscosity rapidly increases [23] and stresses cannot be relieved by materials displacements. It appears that whatever the irradiation parameters (for the six cases of our study) the area where the maximum retardance is experimentally observed corresponds to a calculated temperature reached at the end of the pulse between 1300 to 1400°C. These values have to be compared to the strain temperature (1100°C) and the softening temperature (1600°C) of fused silica [23] . The strain point is the temperature at which internal stress in a piece of glass is substantially relieved and the softening point corresponds to the transition from 'soft' to solid material. For low temperatures compared to these values the stresses can be considered as imprinted into the material after heating because of the very high viscosity. Then far away from the crater the residual stress present in the material corresponds to the stress at the end of the pulse. However near the center the stress can be relieved due to material displacement in the created hole. This could explain the retardance pattern experimentally observed.
In our approach the stresses are calculated at the end of the laser pulse. As said above, for temperatures below a limit between 1100 and 1600°C, the stresses can be treated as imprinted into the material. Thus we can only consider stress values obtained below this range of temperature. This is certainly a limitation, but it seems sufficient to deal with our problem since we are only interested in the stress field at a distance from the crater where the temperature rise is moderate.
The laser heating of the glass generates material displacements due to thermal expansion. The thermal expansion coefficient value of silica is 5x10 -7 K -1 and does not vary significantly with temperature [21] . In our case the material displacement have components in the r and z directions that will be called u and w respectively. The strain-displacement relationships in the case of small displacements are given by: (3) with ε r , ε Φ , ε z the strains in the r, Φ, z directions and γ rz the shear strain in the r z plane. The stresses consisting of three normal stresses (σ r , σ φ , σ z ) and one shear stress (τ rz ), are related to the strains in the case of elastic deformation: ) and Poisson's ratio (υ=0.17) [23] .
A solution calculated for the case 3 is given in Fig. 12 . Fig. 12 . Calculated hoop (a) and radial (b) stresses in fused silica at the end of the CO2 laser irradiation for the parameters of the case 3. The crater is delimited by the white line.
The calculations indicate that a compressive stress of few tens of Mpa can be reached under the irradiation conditions and that the stress affected area extends far away from the crater. However, near the crater, the stress can be relaxed after the irradiation because of the presence of the hole in the material (material displacement can occur) and the calculation is not valid.
Birefringence
To be able to compare our calculations with experimental results, we have to link in our model the stress to the retardation of linearly polarized plane waves traveling along the z direction, as it is the case in the experiments. If we consider a wave polarized in the r direction, called E r , and the corresponding perpendicular polarization E Φ , we can work for simplicity in the local Cartesian coordinates x,y,z as defined on the Fig. 13 . Fig. 13 . Description of the index ellipsoïd as used in our calculation.
The coefficient refractive index of a material subject to elastic stress can be written in the local Cartesian coordinates defined above as [24] : (5) with i and j = x, y or z.
The refractive index variations and the strains [ε] are related by the photoelastic tensor [p]:
In a first order approximation and considering the photoelastic tensor of an isotropic media [24] , the refractive indices n x and n y can be expressed as:
[ ] 
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The birefringence B is defined as the difference of n x and n y refractive indices: (8) with n 0 =1.46 the stress-independent refractive index of fused silica at 0.633 µm, p11=0.121 and p12=0.270 at 0.633 µm for fused silica [24] . The retardance can be calculated:
with e the sample thickness. The calculated retardance for the case 3 is finally given in Fig. 14. As observed in experiments a maximum of retardance is observed near the crater, and from this position the retardance decreases slowly in the outter part of the crater. However the maximum is not at the right place compared to measured ones. The same behavior is observed for the other cases. This calculations will be compared to measurements in the next section.
Discussion
For the two CO 2 pulse lengths used in this study, a comparable behavior has been observed and we will restrict our discussion to the three cases using 250 ms duration. From the simple model developed in the preceding part of this paper, we can visualize for the fused silica surrounding the crater, the distribution of strains at the end of the CO 2 laser irradiation. In parallel, the experimental measurement presented earlier gave a precise position for the maximum retardance. Confrontations between experiment and simulation are then given in Fig. 15 , where the measured maximum retardance (which is proportional to the integral of the difference of refractive indices along the dashed white line) is positioned on the calculated strain repartition. Each image corresponds to one of the case 1, 3 and 5 under study for both radial (a) and hoop (b) strains. Similar behavior is obtained for the three cases, and the strain area expands following the increase in crater size. The hoop strain (b) decreases with distance from the crater. However, the contours of constant strain maintain a shape similar to the crater. The radial strain (a) also exhibits this behavior, but decreases much more rapidly along the silica-air interface. The position of the experimental maximum retardance corresponds to a distance from the center where the two calculated strains are noticeably different along the depth axis, but still with a high level . For the three cases 1, 3 and 5, their theoretical values are respectively 48, 53 and 55 nm, which is of the same order as experimental results given in Fig. 9 (19, 21 and 26 nm). As mentioned above, the crater area and its nearby proximity are not well simulated with our model, which explain that simulation values are greater by a factor comprised between 2.1 to 2.5. Taking into account the material removal, and a better kinetic of cooling for silica would reduce significantly this disagreement. In addition, some parameter values are not known perfectly: concerning the thermal conductivity, different experimental and theoretical data are available in the literature, sometimes with large discrepancies as can been observed in the data summarized by Touloukian [25] .
On the one hand we know from the experiment that the maximum retardance position and the damage initiation are tightly correlated. On the other hand, Fig. 15 shows clearly that when the crater diameter increases, the maximum retardance gets farther from it and originates from a wider strain area. Thus for an equivalent value of retardance, we can look forward to a smaller effect on the damage creation for a larger crater size. Laser damage resistance tests performed with our Nd:YAG laser at a fluence of 11 J/cm 2 , show that only 10 % of crater sites were damaged in the case 5 where the maximum retardance was measured at 190 µm from the crater center, whereas more than 80 % are damaged in the case 1 for which the distance is 130 µm. For the intermediate case 3, about 20 % of sites are damaged at a distance of 150 µm.
Even if these results seem to confirm our hypothesis, they are not sufficient to conclude at a direct connection between damage initiation and silica stress. Indeed, for the three cases, although an unambiguous difference is obtain for the damage initiation, the stress values at the position of the maximum retardance and at the silica surface (where damages arise) are comparable: about 25 Mpa for the radial, and comprised between 15 and 20 Mpa for the hoop. Our study indicates a clear link between the stress and the laser damage resistance. Previous works by Dahmani et al. [26] have also shown a relationship between stress and laser-induced damage in silica (in their case an enhancement of threshold with external applied stress). However the physical mechanisms implied are unclear and still more work are needed to investigate the relationship between the stress level and the laser damage initiation.
Conclusion
As mentioned in the introduction of this paper, the objective of our work was the understanding of the silica weakening and re-initiation of damage around the mitigated sites. We have realized an experiment focusing on six different CO 2 laser parameters. We have shown that for all the six cases, that have been irradiated with a Nd:YAG nanosecond laser, the damage initiation has occurred on a peripheral area free from any visible defects and submitted to a high level of stress. In order to estimate the stress value in this area and understand the potential weakness of the material, we have measured the retardance and a model has been established to link the retardance to the stress. From these results, it comes out that even if the theoretical and experimental values are of the same order of magnitude there is an overestimation of the retardance with our model. However, these results can be very useful since they give a good indication of the stress levels induced by the CO 2 laser processing of fused silica: few tens of Mpa of compressive stress occurring near the surface at a distance of twice the crater size (in our irradiation conditions).
We have evidenced a correlation between the place where damage takes place and the location of the maximal residual retardance around the mitigated site. Then again an extensive work that we will consider in a near future involving local analysis (micro-Raman spectrocopy for instance is well adapted [27] ) associated with an accurate metrology of LIDT is needed to understand the potential mechanisms that can be involved. Also, we have developed a thermo-mechanical model of CO 2 laser interaction with fused silica with applications in the optimization of the mitigation of damage growth process. The perspectives on this point are now to take into account the material removal by evaporation and recalculate the stresses more accurately. 
